Stabilization of an enzyme while maintaining its activity has been a major challenge in protein chemistry. Although it is difficult to simultaneously improve stability and activity of a protein by amino acid substitutions due to the activity-stability trade-off, backbone cyclization by connecting the N-and C-termini with a linker is promising as a general method of stabilizing a protein without affecting its activity. Recently we created a hyperactive, methionine-and cysteine-free mutant of dihydrofolate reductase from Escherichia coli, called ANLYF, by introducing seven amino acid substitutions, which, however, destabilized the protein. Here we show that ANLYF is stabilized without a loss of its high activity by a novel backbone cyclization method for unprotected proteins. The method is based on the in vitro cyanocysteine-mediated intramolecular ligation reaction, which can be conducted with relatively high efficiency by a simple procedure and under mild conditions. We also show that the reversibility of thermal denaturation is highly improved by the cyclization. Thus, activity and stability of the protein can be separately improved by amino acid substitutions and backbone cyclization, respectively. We suggest that the cyanocysteine-mediated cyclization method is complementary to the intein-mediated cyclization method in stabilizing a protein without affecting its activity.
Stabilization of an enzyme while maintaining its activity has been a major challenge in protein chemistry. Although it is difficult to simultaneously improve stability and activity of a protein by amino acid substitutions due to the activity-stability trade-off, backbone cyclization by connecting the N-and C-termini with a linker is promising as a general method of stabilizing a protein without affecting its activity. Recently we created a hyperactive, methionine-and cysteine-free mutant of dihydrofolate reductase from Escherichia coli, called ANLYF, by introducing seven amino acid substitutions, which, however, destabilized the protein. Here we show that ANLYF is stabilized without a loss of its high activity by a novel backbone cyclization method for unprotected proteins. The method is based on the in vitro cyanocysteine-mediated intramolecular ligation reaction, which can be conducted with relatively high efficiency by a simple procedure and under mild conditions. We also show that the reversibility of thermal denaturation is highly improved by the cyclization. Thus, activity and stability of the protein can be separately improved by amino acid substitutions and backbone cyclization, respectively.
We suggest that the cyanocysteine-mediated cyclization method is complementary to the intein-mediated cyclization method in stabilizing a protein without affecting its activity.
Development of strategies for improving both conformational stability and biological activity of natural proteins is a central issue in biochemistry and biotechnology and has a great impact on industrial and biomedical applications. Many structure-based and directed evolution strategies have successfully been used to improve stability or activity of proteins (1) (2) (3) . However, stabilization of an enzyme while maintaining its activity has been difficult, because mutations at the active site make the enzyme more stable but less active, according to the activity-stability trade-off (3) (4) (5) (6) (7) (8) (9) (10) . Mutations outside of the active site may improve the stability of an enzyme while maintaining its activity, but such mutations can be found by screening of large library of enzyme variants (11) , by multiple amino acid substitutions (12, 13) , and by using a sophisticated design algorithm (14) . Thus, stabilization of an enzyme while maintaining its activity has been a difficult task, if single or multiple amino acid substitutions are considered.
One of the promising methods for stabilizing a protein without affecting its activity is backbone cyclization by connecting the N-and C-termini with an appropriate linker. Previous efforts of backbone cyclization by chemical ligation (15) (16) (17) , introduction of a disulfide bond (18) (19) (20) , and peptide ligation using intein (21) (22) (23) (24) (25) have succeeded in stabilizing proteins with the biological activities unchanged, if a linker connecting the N-and C-termini is properly designed. Theoretical studies have predicted that backbone cyclization stabilizes a protein by reducing the conformational entropy of the unfolded state and thereby increasing the Gibbs free energy difference between the unfolded and the native states (26) (27) (28) (29) (30) . In accord with this, 2 naturally occurring circular proteins are reported to be highly stable (31) (32) (33) . Moreover, backbone cyclization can be applied to many natural proteins, because most proteins have the N-and C-termini close in proximity in the native structure (34) . Therefore, backbone cyclization is a good candidate for a general method of protein stabilization without affecting its activity.
The backbone cyclization methods by chemical ligation mostly use stringent conditions that could damage proteins (15) , and are limited to relatively small proteins or peptides (15, 17) . Introduction of disulfide bonds at the N-and C-terminal regions may destabilize a protein due to steric constraints in the folded conformation (20, 35) . Consequently, the most widely used method to cyclize proteins is intein-mediated cyclization. Intein is an element essential for protein splicing. The splicing mechanism consists of the excision of an intervening polypeptide sequence, the intein, from a protein precursor, accompanied by the concomitant joining of the flanking polypeptide sequences, the exteins, by a peptide bond (36, 37) . Several methods have been developed to use engineered inteins to cyclize large proteins as well as small peptides in vitro and in vivo (21) (22) (23) (24) (25) 37) . However, fusion of a target protein with the intein sometimes leads to misfolding of the protein, resulting in a low expression or inclusion body formation (38) (39) (40) (41) (42) (43) . In addition, the efficiency of cleavage of the target protein from the fusion is dependent on the target sequence and the residues adjacent to the cleavage site (37) . Furthermore, one non-native residue (mostly Cys, and rarely Ser and Thr) remains in the sequence of the final product as a part of the linker connecting the N-and C-termini. The presence of a reactive Cys residue may lead to undesirable intermolecular disulfide formation, reduce the reversibility of thermal denaturation, and make the protein susceptible to oxidation.
Here, we present a novel backbone cyclization method of unprotected proteins and peptides. This method is based on the cyanocysteine-mediated intramolecular ligation reaction, and enables efficient and mild in vitro chemical cyclization of a folded, unprotected protein, avoiding its undesired misfolding or destruction. We have previously found an interesting reaction route involving chemical cleavage at a cysteine residue attached to the C-terminus of a protein (44, 45) . The cleavage reaction, studied extensively by Catsimpoolas et al. (46) and Jacobson et al. (47) , occurs at the peptide bond of a cyanocysteine residue formed by cyanylation of an SH group using 2-nitro-5-thiocyanobenzoic acid (NTCB) (48, 49) (Figure 1 ). The reaction occurs under mild conditions and is highly efficient. Cyanylation of the SH group of the cysteine residue causes the carbonyl carbon at an X-cyanocysteinyl linkage to become susceptible to an attack by an OH -acting as a nucleophile (hydrolysis: route 1) (44) . Alternatively, the cyanocysteine residue can be converted to a dehydroalanine residue by a β-elimination reaction (route 2). The use of a primary amine as a nucleophile results in the formation of an amide bond (aminolysis) both intra-(route 3) and inter-molecularly (route 4) (45, 50, 51) . The route 3 reaction is quite appealing, because it allows the formation of an amide bond between the C-terminus of the protein and the N-terminal α-amino group, if the N-and C-termini are in close proximity in the native structure ( Figure 2 ). Such head-to-tail cyclization by the cyanocysteine-mediated α-carbon activation reaction is promising, because of the success in the intermolecular aminolysis using the route-4 reaction (45, 50, 51) . It is noteworthy that this method can remove the cysteine residue, while one non-native residue, mostly Cys, remains in the sequence of the final product in the intein-mediated cyclization method. Moreover, the latter method requires the attachment of at least 100 amino acid residues, corresponding to the mini-intein sequence (52) , to the target protein as well as a short linker between the N-and C-termini, while our method requires only the attachment of a linker.
To demonstrate the feasibility of our cyclization method for protein stabilization without affecting its biological activity, we used dihydrofolate reductase (DHFR, EC 1.5.1.3) from Escherichia coli as a model protein (Figure 3 ). It is a monomeric, α/β-type protein with 159 residues and has been well characterized in terms of structure, function, and folding (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) . The distance between the N-terminal α-amino group and the C-terminal carboxyl group is 15 Å (Figures 2 and 3) . DHFR catalyzes the NADPH-dependent reduction of dihydrofolate (DHF) to tetrahydrofolate (THF), and is an essential enzyme required for normal folate metabolism in prokaryotes and eukaryotes, by maintaining THF levels needed to support the biosynthesis of purines, pyrimidines, and amino acids (54) . Furthermore, DHFR is a clinically important enzyme not only because it is a target of a number of antifolate drugs, such as methotrexate (MTX) and trimethoprim (TMP), but also because it can be used to produce an anticancer drug, l-leucovorin (64) . Recently, we have created a methionine-and cysteine-free mutant of DHFR (M1A/M16N/M20L/M42Y/C85A/M92F/C152S), called ANLYF, by introducing seven amino acid substitutions according to the quasi-additive adaptive walking method (65) . ANLYF has a high activity, with the maximum velocity, k cat , 7.6-times higher than that of the wild type and is resistant to oxidation (65) . However, ANLYF is destabilized compared with the wild-type DHFR by 1.6 kcal/mol. Here we show that this hyperactive mutant of DHFR can be stabilized by backbone cyclization using the cyanocysteine-mediated ligation method without a loss of its high activity. The results indicate that activity and stability of the protein can be separately improved by amino acid substitutions and backbone cyclization, respectively.
Materials and Methods
Chemicals -MTX-agarose affinity resin was obtained from Sigma. DEAE-Toyopearl 650S was from Tosoh Co. (Tokyo, Japan). Restriction enzymes, T4-DNA ligase, Taq polymerase, carboxypeptidase P (CPP) and Achromobacter protease I (lysine-specific endopeptidase, Lys-EP) were obtained from TaKaRa-Bio, Inc. (Kyoto, Japan). The polyacrylamide gradient gel (10-20%) was purchased from Daiichi Chemicals (Tokyo, Japan). All other chemicals were of reagent grade.
Plasmid construction and protein purification -
The hyperactive, methionine-and cysteine-free DHFR, ANLYF, has been constructed previously (65, 66) . Addition of the N-and C-terminal extensions was carried out by standard PCR methods (67) .
Purification of DHFR variants was carried out mainly by MTX-affinity chromatography after adequate pre-purification steps from cell-free extracts as described (68) .
Purified proteins were homogeneous as judged by SDS-polyacrylamide gel electrophoresis (PAGE), and were stored as precipitates in saturated ammonium sulfate solution at 4°C. Protein concentration of the mutants was determined spectrophotometrically using the extinction coefficients obtained by the method of Gill & von Hippel (69) .
Cyanylation and cyclization of proteins -
The stored, precipitated protein was collected by centrifugation at 15,000×g for 20 min. The collected protein was dissolved in a small volume of buffer A (0.1 M Tris-HCl (pH 7.4) and 5 mM EDTA) to make a protein concentration of ca. 0.3 mM, and was purified by gel filtration. Prior to the chemical modification, the protein was treated with 1 mM dithiothreitol (DTT) at room temperature for at least 1 hour, and subsequently dialyzed against buffer A to remove DTT. The protein was then treated with a 100-fold molar excess of NTCB in buffer A for 2 hours at room temperature. The cyanylation of the C-terminal Cys residue took place at this step ( Figure 2C ). Then, the pH of the protein solution was raised by gel filtration and dialysis using the 100 mM borate buffer (pH 9.0), in order to accelerate the cyanocysteine-mediated reaction. The reaction products were applied to the DEAE-Toyopearl 650S column to isolate the cyclized protein at neutral pH (see Figure 4B ). Cyclization of the protein was confirmed by SDS-PAGE and liquid chromatography/mass spectrometry (LC/MS) (see Figures 4 and 5) .
Circular dichroism spectroscopy -Equilibrium farand near-ultraviolet (UV) circular dichroism (CD) measurements were carried out at 15°C and in buffer B (10 mM potassium phosphate (pH 7.8), 0.2 mM EDTA, and 0.1 mM DTT) on an Aviv 62 DS spectropolarimeter, with 20 seconds averaging time, by scanning from 250 to 190 nm for the far-UV region, and from 310 to 250 nm for the near-UV region. The path length of a sample cell was 1 mm and 10 mm for the far-and near-UV regions, respectively. Protein concentrations were 5.5 μM and 55 μM for the far-and near-UV CD measurements, respectively. The mean residue ellipticity (MRE) was calculated using the following equation:
where Θ  is the ellipticity in milli-degrees, and C, D, and NA are the molar protein concentration, the path length of the sample cell in mm, and the number of residues in the protein, respectively.
Enzyme assay -The activity of DHFR was determined spectrophotometrically at 15°C by following the disappearance of NADPH and DHF at 340 nm (ε 340 = 11800 M -1 cm -1 ) (70). The standard assay mixture contained 50 μM DHF, 100 μM NADPH, 14 mM 2-mercaptoethanol, MTEN buffer (50 mM 2-morpholinoethanesulfonic acid, 25 mM tris(hydroxymethyl)aminomethane, 25 mM ethanolamine, and 100 mM NaCl (pH 7.0)) (71) and the enzyme in a final volume of 1.0 ml. The reaction was started by the addition of DHF.
Urea-induced unfolding transition -
The urea-induced equilibrium unfolding transition was monitored in buffer B by the CD ellipticity at 220 nm using an Aviv 62 DS spectropolarimeter. The path length of a sample cell was 2 mm. Protein concentration was 5.5 μM.
The urea-induced equilibrium unfolding transition was also measured on an Aviv ATF 105 automated titrating differential/ratio spectrofluorometer from 0 to 7 M urea at the interval of 0.2 M at 15°C. The transition of linear ANLYF-G7 was measured on an Aviv 14 DS spectrophotometer. The path length of a sample cell was 1 cm. Protein concentration was 2 μM. At each urea concentration, fluorescence or absorption spectrum was measured by scanning from 450 to 300 nm or from 340 to 250 nm, respectively. The excitation wavelength for fluorescence was 292 nm. The band widths for the excitation and emission were 2 nm. The series of urea-dependent spectra F(λ, c i ) taken in a set of n urea-concentration slices {c i } were analyzed using the singular value decomposition (SVD) algorithm by constructing a data matrix D m,i , in which the ith column (D m ) i is given by the spectrum F(λ m , c i ) at a series of m wavelengths (63) . The SVD algorithm then expresses this in the following form:
where U is an m n matrix, W is a diagonal n n matrix of singular values sorted in decreasing order, and V is an n n matrix whose elements measure the proportion of each U i basis vector attributable to each of the singular values (72) . Equation 2 indicates that all the spectra can be expressed as a linear superposition of these orthogonal U i bases. In the ideal case without noise, the rank of the matrix D represents the number of mathematically independent states. For real data with noise, however, the number of non-noise components (L) must be estimated from the SVD results. In determining the number L, we considered (1) (4) reduced χ 2 values of SVD reconstruction (63) . We found that L = 2 for all the mutants and the wild-type DHFR.
On plotting the second row vector V i
as a function of urea concentration associated with slice i, it was found that it could be well fit with the following equation representing a two-state transition between the native and the unfolded states:
where m is a cooperativity index; c is urea concentration; c M is the urea concentration of the transition midpoint; R and T are the gas constant and the absolute temperature, respectively; a 1 and a 3 are the y-intercept of the baseline of the pure native and unfolded states, respectively; and a 2 and a 4 are the slope of the baseline of the pure native and unfolded states, respectively (73). The stabilization free energy, ΔG, at 0 M urea is obtained by m·c M (73). The change in stabilization free energy on mutation, ΔΔG, was estimated at the mean value of c M for the mutant and wild-type proteins (7). Here, ΔΔG at 0 M urea was not used, because the extrapolation of the free energy value to 0 M urea is too long to accurately estimate ΔΔG, and there may be curvature in the plots (7).
Thermal denaturation -Thermal denaturation was monitored in buffer B using an Aviv 14 DS spectrophotometer. The temperature was raised every 2°C from 6 to 90°C, and then decreased every 2°C from 90 to 6°C. The reversibility of the denaturation was checked by comparing the transition curves obtained by heating and cooling the sample. The equilibration time was 2 min at each temperature, and the integration time was 20 sec. The path length of a sample cell was 1 mm. Protein concentration was 2 μM. At each temperature, absorption spectrum was measured by scanning from 310 to 250 nm. The series of temperature-dependent absorption spectra A(λ, T i ) taken in a set of n temperature slices {T i } were analyzed using the SVD algorithm as described above. The thermal transition curve (the second row vector V i (2) ) was fit with the transition curve assuming a two-state transition between the native and the unfolded states (74) .
Others -DNA sequencing was performed on an ABI PRIZM 310 Genetic analyzer. SDS-PAGE was carried out by the method of Laemmli (75) . Proteins were stained with Coomassie blue. LC/MS measurements using a Perkin Elmer API-150EX triple quadrupole mass spectrometers were performed as described (44) . The cleavage and digestion using CPP and Lys-EP were carried out according to the protocol supplied by the manufacturer. The Lys-EP digestion products were applied to the L-column ODS (Kagaku-hin Kensa Kyoukai, Tokyo, Japan) with a linear gradient of acetonitrile from 35% (0 min) to 55% (60 min) containing 0.1% TFA. Size-exclusion gel chromatography was carried out on a Pharmacia SMART system with a Superdex 75 prepacked column. The elution buffer was 10 mM potassium phosphate (pH 7.8) and 0.2 mM EDTA.
RESULTS

Design of circular ANLYF
As a template for cyclization, we used the hyperactive mutant of DHFR, ANLYF (65) . The extensions of several residues were attached at the N-and C-termini of ANLYF, to compensate for the 15-Å distance between the N-terminal α-amino group and the C-terminal carboxyl group and to carry out the cyanocysteine-mediated ligation reaction (Figure 2A, B) . The 15-Å distance would be compensated by more than 6-residue linkers, considering that the length of one residue is about 2.6 Å (76). This is consistent with our previous studies showing that attachment of the linker of -(Gly) 2 -Cys-(disulfide bond)-Cys-(Gly) 2 -between the N-and C-termini did not largely affect the structure and stability of disulfide-linked circular DHFR (19, 20) . Here, the extension attached to the C-terminus was designed to be -(Gly) 2 -Cys-Ala ( Figure 2B ). Two Gly residues were attached to increase the mobility of the Cys residue, although longer Gly extension might cause non-specific ligation reactions between the C-terminal Cys residue and the Lys or Arg residues of the protein. Ala was chosen for the residue subsequent to Cys, because the C-terminal sequence of -Cys-Ala was required for an efficient cyanocysteine-mediated reaction with octylamine (51). After cyclization, the Cys-Ala residues will be removed ( Figure 2D ). The extension attached to the N-terminus of DHFR was designed to be Ala-(Gly) i -( Figure 2B ). Ala was attached at the N-terminus to remove the N-terminal Met residue, corresponding to the initiation codon, by methionine aminopeptidase in E. coli. The number of Gly residues at the N-terminal extension was designed to be 3 ~ 5, in order to make the linker length to be more than 6 residues. Thus, we used the linkers of (C-terminus of ANLYF)-(Gly) 2 -Ala-(Gly) i -(N-terminus of ANLYF) (i = 3 ~ 5), which have a total of 6 ~ 8 residues, respectively. These mutant proteins were named ANLYF-Gn (n = 6 ~ 8); n corresponds to the linker length. Much longer linkers were not used here, because linkers that are too long may introduce strain and/or increase the conformational entropy of the native state, leading to the destabilization of the protein (77).
Evidence for cyclization
ANLYF-Gn were overexpressed in E. coli and were purified as described in Materials and Methods. The backbone cyclization of the proteins was performed with the cyanocysteine-mediated cyclization method (see Figures 1 and 2 and Materials and Methods). The results shown below are essentially the same for all ANLYF-Gn (n = 6 ~ 8).
The SDS-PAGE of the cyclization products showed two bands ( Figure 4A, lane 2) . The upper band corresponds to the band of linear ANLYF-Gn, which appears at the similar position with the wild-type DHFR. The lower band should correspond to the band of circular ANLYF-Gn, because the -Cys-Ala residues and one water molecule are removed after cyclization and because circular protein generally has compact structures in the unfolded state (20) and show higher mobility in acrylamide gel (78) . Linear and circular ANLYF-Gn were separated by ion-exchange chromatography ( Figure 4B ). The SDS-PAGE of the fraction of peak A indicates that the circular protein is highly purified (see Figure  4C, lane 3) . Therefore, the fraction of peak A was collected, and was used for the following studies. It should be noted that the reason why linear and circular ANLYF-Gn were separated by ion-exchange chromatography using DEAE would be that the linear protein has an extra negative charge at the C-terminal carboxyl group, which has high mobility due to the preceding two Gly residues.
Three lines of evidence show that the cyclization product thus purified is the circular protein. First, the difference in the mass of the linear and circular proteins measured by the LC/MS was the same as expected (192 Da, which corresponds to the mass of Cys-Ala amino acids and one water molecule). Second, the resistance to exopeptidase, carboxypeptidase P (CPP), was tested for the linear and circular proteins ( Figure  4C ), because the circular protein lacking the termini should be resistant to the proteolysis catalyzed by the exopeptidase. Whereas the electrophoresis band of the linear protein showed the digestion of the protein after addition of CPP ( Figure 4C, lane 2) , the band of the circular protein was unchanged after the addition of CPP ( Figure 4C, lane 4) , indicating the absence of termini in the circular protein. Third, the linear and circular proteins were digested by lysyl endopeptidase, Achromobacter protease I (Lys-EP), and the molecular mass of the digestion products were measured by LC/MS. Expected products by the Lys-EP digestion are shown in Figure 5A . The digestion of the linear protein will produce 7 fragments containing the N-and C-terminal fragments (fragments 1 and 7 in Figure  5A , respectively). On the other hand, the Lys-EP digestion of the circular protein will produce 6 fragments containing a long fragment in which the N-and C-terminal fragments are connected (fragment 8 in Figure 5A ). As expected, the LC/MS measurement shows that fragments 1 and 7 are observed for the linear protein, while fragment 8 is observed for the circular protein ( Figure 5B ). The results for other fragments were the same for the linear and circular proteins. Fragments 4 and 5 were observed for both proteins, but fragment 6 was not, probably because of its small size. Fragments 2 and 3 were connected for both proteins, because the cleavage of the Lys-Pro peptide bond at the boundary of fragments 2 and 3 is inefficient for Lys-EP (79) . Taken together, these results demonstrate that circular ANLYF-Gn is correctly produced by the cyanocysteine-mediated backbone cyclization method.
Characters of circular ANLYF
To examine whether the cyclization does not affect the structure and activity but increases the stability compared with the linear protein, we measured the structure, activity, and stability of linear and circular ANLYF-Gn. The structure of circular and linear ANLYF-Gn was investigated by far-and near-UV CD spectra ( Figure 6A ). The far-UV CD spectra of ANLYF and linear and circular ANLYF-Gn are coincident with each other, indicating that these proteins have similar secondary structure in the native state. The near-UV CD spectra of ANLYF and the circular protein show the characteristic peaks at around 285 nm and 292 nm ( Figure 6A, inset) , indicating that these proteins have specific tight packing of side-chains in the native state. Thus, cyclization produced no detectable changes in secondary or tertiary structure of ANLYF-Gn.
The DHFR-specific activity of the NADPH-dependent reduction of DHF to THF was measured by the disappearance of NADPH and DHF. The maximum velocity, k cat , and the Michaelis constant, K m , of the linear and circular proteins are listed in Table 1 . All the linear and circular proteins had the k cat values similar to that of ANLYF, although the k cat of circular ANLYF-G8 was slightly decreased. Thus, the cyclization did not largely affect the activity of ANLYF-Gn.
The urea-induced equilibrium unfolding transition curves of the wild-type DHFR, ANLYF, and linear and circular ANLYF-Gn were monitored by the CD ellipticity at 220 nm. For the wild-type DHFR, ANLYF, and circular and linear ANLYF-G6, the transition curves obtained by decreasing the urea concentration from 8 M were coincident with those obtained by increasing the urea concentration from 0 M, indicating that the transitions are reversible. The equilibrium unfolding transitions were also measured by fluorescence or absorption spectra. For each protein, the transition curve was obtained by the SVD analysis of a series of the fluorescence (absorption) spectra at different urea concentrations (see Materials and Methods for details; Figure 6B ). The results show that the transition curves obtained by CD and fluorescence (absorption) are coincident with each other for each protein (data not shown), indicating that the unfolding transitions are the two-state transition between the native and the unfolded states. In accord with this, the SVD analysis of the fluorescence spectra also showed that only two components (the native and the unfolded states) are detectable in the unfolding transition of the entire mutant and wild-type DHFRs (see Materials and Methods for details), although partially folded intermediates may be present during the transition but are not observed. The transition curves were fit to equation 3, and the thermodynamic parameters thus obtained, i.e., the urea concentration of the transition midpoint, c M , and a cooperativity index of the transition, m, are listed in Table 1 . The difference in the stabilization free energy between the mutant and the wild type, ΔΔG, is also shown. The c M of ANLYF is lower than that of the wild type by 0.79 M and ΔΔG is -1.55 kcal/mol. However, backbone cyclization stabilized ANLYF. Whereas the c M values of linear ANLYF-Gn are close to that of ANLYF, the c M values of the circular proteins are higher than those of the linear proteins (Table 1; Figure 6B ). Thus, the cyclization does stabilize the hyperactive mutant of DHFR without affecting its activity. Moreover, the c M values of circular proteins are comparable to that of the wild-type DHFR, and the ΔΔG values for these proteins are close to zero (Table 1 ; Figure 6B ). Therefore, cyclization rescued the protein destabilized by the mutations that were introduced to increase the activity.
We also measured the thermal denaturation of the circular and linear proteins by absorption spectra ( Figure 6C ). The transition curves were obtained as described in Materials and Methods, and the temperature of the transition midpoint, T m , is listed in Table 1 . For the wild-type DHFR and ANLYF, the thermal denaturation curve obtained by heating a protein solution was not coincident with that obtained by cooling the sample, indicating that the thermal denaturation is not reversible. Therefore, here we compare only the T m value as a parameter of apparent thermal stability of a protein. The T m value of ANLYF is lower than that of the wild type by 8.2°C (Table 1) . However, backbone cyclization stabilized ANLYF. Whereas the T m values of linear ANLYF-Gn are close to that of ANLYF, the T m values of the circular proteins are higher than those of the linear proteins and are comparable to the T m of the wild-type DHFR (Table 1 ; Figure 6C ). Thus, the cyclization does stabilize the hyperactive mutant of DHFR, and the results obtained by thermal denaturation are consistent with those obtained by urea-induced equilibrium unfolding.
To investigate whether the reversibility of thermal denaturation is improved by the cyclization, we performed the gel-filtration HPLC analysis of ANLYF and circular ANLYF-G6 before and after heat treatment at 80°C for 30 minutes. Whereas ANLYF formed aggregates after the heat treatment at a high protein concentration (55 μM), the circular protein did not (Figure 7) . Moreover, whereas the enzymatic activity of ANLYF is reduced after the heat treatment, the far-UV CD spectrum and the enzymatic activity of the circular protein were unchanged even after the heat treatment (data not shown). These results show that the reversibility of thermal denaturation is improved by the cyclization.
DISCUSSION
Efficiency of the cyclization
By using the cyanocysteine-mediated ligation reaction, we have succeeded in producing a purified, cyclized protein with relatively high efficiency. The efficiency of the cyclization reaction of ANLYF-Gn is estimated at ~50 % from the SDS-PAGE bands ( Figure 4A) . Although it was possible that the cyanocysteine-mediated reaction may produce side products, such as the intermolecularly-ligated species (route 4) and the branched species in which the C-terminus is connected to the Lys or Arg residues, our results showed the absence of these species (Figures 4  and 5 ). This may be because the linker is properly designed to make both termini close in proximity in the folded state. The cyanocysteine-mediated molecular dissection and β-elimination reactions (route 1 and 2) would also be possible, but such species have a linear form and can be separated from the circular protein by the ion-exchange chromatography ( Figure 4B) . Thus, although the distance between the N-and C-termini is comparable to the radius of gyration of DHFR (~18 Å) (20) , the cyanocysteine-mediated reaction can form a cyclized protein with high efficiency, if the linker between the N-and C-termini is properly designed.
There are at least three factors affecting the efficiency of the cyanocysteine-mediated cyclization reaction. First, the extension attached to the C-terminus should not be long in order to avoid non-specific ligation reactions, while the extension attached to the N-terminus should be long enough to reach the Cys residue in the C-terminal extension. Second, the residue subsequent to the Cys residue in the C-terminal extension should be Ala, because larger side chains at this position reduced the efficiency of the cyanocysteine-mediated reaction (51) . Third, addition of negative charges at the C-terminal extension would increase the efficiency of the cyclization. Indeed, the cyanocysteine-mediated protein immobilization on the solid phase having the surface of primary amine proceeded efficiently, if poly aspartic acid was introduced after the Cys-Ala residues of the C-terminal extension (51) .
Our results show that the linear and circular proteins can be separated by ion-exchange chromatography using DEAE at neutral pH ( Figure 4B ). However, it will be possible to separate more clearly the elution peaks of the linear and circular proteins, if we use strong anion exchanger such as QAE and conduct the chromatography at alkaline pH, under which conditions the N-terminus of the linear protein should be deprotonated and the linear protein will elute slowly (15) .
Cyanocysteine-mediated backbone cyclization
In this study, we showed that the in vitro cyanocysteine-mediated cyclization reaction of a folded, unprotected protein can be conducted with relatively high efficiency by a simple procedure and under mild conditions. Intermolecular amide bond formation (route 4) was eliminated without high dilution of the protein solution. The circular protein can be separated from the linear protein only by ion-exchange chromatography ( Figure  4B ). Although the design of the linker length is important to increase the efficiency of cyclization and to reduce the side products, the optimal linker length can be estimated by dividing the distance between the N-terminal α-amino group and the C-terminal carboxyl group by the length of one residue (about 2.6 Å) and can be experimentally searched for by creating several circular proteins. Our results showed that the linker lengths of 6 ~ 8 are suitable for circular DHFR, which are close to this estimate (15 Å / 2.6 Å = 5.8). Thus, the cyanocysteine-mediated backbone cyclization is promising as a simple and efficient method to stabilize a protein.
Although the intein-mediated method is now widely used in cyclizing proteins, our method has the several advantages. First, whereas the fusion of a target protein with the intein sometimes leads to misfolding of the protein, resulting in a low expression or inclusion body formation (38) (39) (40) (41) (42) (43) , our method requires the attachment of only short extensions at the N-and C-termini of the target protein. This will eliminate the problems of low expression and inclusion body formation. Second, our method can remove the Cys residue from the linker region, whereas the intein-mediated cyclization method attaches the Cys residue in the linker region, which may lead to undesirable intermolecular disulfide formation, reduce the reversibility of thermal denaturation, and make the protein susceptible to oxidation. On the other hand, one drawback of our method is that all Cys residues in a protein are recommended to be substituted into other amino acids in order to eliminate non-specific ligation reactions. If the Cys residues are not essential for the activity of a protein, the substitution of Cys into Ala or Ser usually retains the stability and activity of the protein (80, 81) . Optimal substitution can be searched for by systematic replacements at the Cys positions (65, 78) . If the Cys residues are essential for the activity of the protein, other methods, such as the intein-mediated cyclization would be preferable. Taken together, the cyanocysteine-mediated cyclization method is complementary to the intein-mediated cyclization method in stabilizing a protein without affecting its activity. It would be important to select the methods of cyclization depending on the target protein, to efficiently produce a cyclized protein.
Stabilization of hyperactive enzyme by cyclization
Stabilization of an enzyme while maintaining its activity has been a major challenge in protein chemistry. Although amino acid replacements would be difficult to improve stability and activity simultaneously because of the activity-stability trade-off (3-10), backbone cyclization is promising as a general method for stabilizing a protein without affecting its activity. Our results show that circular ANLYF-Gn have the stability similar to the wild-type DHFR while maintaining the high activity of ANLYF (Tables 1  and 2 ). Thus, cyclization rescued the protein destabilized by the mutations that were introduced to increase the activity. Moreover, resistance toward heat treatment was increased by the backbone cyclization (Figure 7) . These results clearly demonstrate that backbone cyclization is a simple and efficient method to stabilize a protein without affecting its activity. Taken into account that most proteins have the N-and C-termini close in proximity in the native structure (34) , backbone cyclization can be a general method for protein stabilization without affecting its activity. The design of a linker between the N-and C-termini is remarkably simple compared with the computational search for the mutation sites responsible for the stability of a protein (14) . Therefore, we suggest that amino acid substitutions should be used to improve the activity of a protein and that the backbone cyclization by the cyanocysteine-mediated reaction can be used to increase the stability of a protein without affecting its activity. Fig. 2 . A strategy for backbone cyclization using the cyanocysteine-mediated ligation reaction. A, A distance between the N-terminal α-amino group and the C-terminal carboxyl group of ANLYF is 15 Å. B, The extensions of Ala-(Gly) n-3 -and -(Gly) 2 -Cys-Ala sequences are attached to the N-and C-termini, respectively, by protein engineering. n denotes the linker length between the N-and C-termini. C, The Cys residue at the C-terminal extension is cyanylated by NTCB. D, In alkaline environment, the -Cys-Ala residues at the C-terminus are excised, and then the peptide bond is spontaneously formed between the Gly residue preceding the cyanylated Cys residue and the N-terminal Ala residue, resulting in the circular protein. Fig. 3 . A schematic representation of the hyperactive mutant of DHFR, ANLYF (PDB code: 2D0K (65)). The mutation sites in ANLYF are shown by ball-and-stick models. N and C denote the N-and C-termini, respectively. The figure was prepared with the program MOLMOL (82). 
